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Abstract
Liquid crystal lenses have promise in optical systems owing to their tunability
combined with low electrical power, cost, and weight. A good example of such
a system is switchable contact lenses for the correction of age-related presbyo-
pia. Sufficiently large phase modulation can be done using nematic liquid crys-
tals in a meniscus lens configuration. However, the birefringent materials are
inherently polarisation dependent, usually requiring orthogonal polarisations
to be focussed separately. A novel method is presented for producing
polarisation independent lenses based on reactive mesogens. Results are pres-
ented for a 2-level and 3-level diffractive Fresnel lenses, and the promise of the
technique for use in refractive lenses such as contact lenses is discussed.
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1 | INTRODUCTION
The low voltages required to modulate the optical phase
of nematic liquid crystals has long suggested their use
for adaptive optical elements, such as switchable grat-
ings, prisms, and lenses.1 Many types of lens have been
suggested,2 including both refractive and diffractive
types, where the variation of phase is induced through
changes of shape, electric field, or alignment of the liq-
uid crystal director. Nematic liquid crystals are birefrin-
gent materials, with cylindrical symmetry and a single
optic axis. Hence, field induced optical phase changes
only occur for light polarised in the plane of the optic
axis and parallel to the extraordinary refractive index.
Light polarised perpendicular to the optic axis experi-
ences the ordinary refractive index regardless of the
voltage applied. This is not an issue for the many appli-
cations where polarised light is used, for example, to
provide different images for the left and right eye.3 How-
ever, for switchable contact lenses4–7 and camera
lenses,8 it is important that lenses operate with
unpolarised light and high optical efficiency.
The simplest adaptive contact lens uses a nematic
liquid crystal contained within an electrically active
cavity with a varying thickness Δd to form a meniscus
lens, as shown in Figure 1.4,5 The refractive index of
the lens substrate is matched to the ordinary index of
the liquid crystal so that there is no lensing effect for
the vertical state. In the horizontal state, light polarised
parallel to the extraordinary index is not matched, and
lensing occurs, with a focussing strength ΔP given by
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where r1 and r2 the inner and outer radii of curvature of
the lens, respectively, and Δn' is the difference in refrac-
tive index induced by the applied field, which approaches
the birefringence Δn of the liquid crystal for high fields.
A variety of arrangements are possible,7 such as the
homeotropically aligned version with a negative Δε
nematic material5 shown in Figure 1. Here, the lens is a
positive meniscus shape, with the liquid crystal at its thi-
ckest at the central symmetry axis of the lens. Given that
calamitic liquid crystals all have a positive birefringence,
this arrangement gives a positive change in the optical
power, ΔP. In practice, this lens operates with rubbed
FIGURE 1 A switchable contact
lens using a nematic liquid crystal
(LC) from Dynamic Vision Systems.4–7
There are a variety of potential
geometries including the positive
meniscus lens arrangement using
homeotropically aligned nematic5,6 as
shown in the inset
FIGURE 2 Previous approaches for
achieving polarisation independence: A,
dual chamber; B, near-infrared light (NIR)
cholesteric or a Blue-Phase liquid crystal
(LC); C, alternating orthogonally photo-
aligned Fresnel zones
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homeotropic layers to give the uniformly aligned director
configuration, either with planar homogenous or axial
homogenous alignment of the director in the fully
switched state.7
It is important to recognise that the presbyope's eye
lens is still operational but has a range inhibited by
increased rigidity of the lens caused by natural ageing.
Thus, the contact lens will often include a static lens for
the correction of distance vision and that the switchable
contact element is only required to provide an extra +2
to +2.5 dioptre of optical power ΔP. For a typical liquid
crystal with Δn ≈ 0.25, the change in cavity spacing
across the an 8-mm-diameter contact lens is Δd ≈ 25 μm
to achieve the typical focal correction needed for the cor-
rection of presbyopia. Thus, the simple meniscus type is
well suited for contact lenses, since the optical response
time for nematic of this cell gap is significantly lower
than the target correction speed of 1 s. This type of lens is
currently being made by the UK company Dynamic
Vision Systems Ltd (DVS).
Currently, multi-focal contact lenses use areas
designed for correcting near and far vision. The user
needs to adapt to seeing two different focal points after a
period of use. Any adaptive contact lens solution needs to
provide far higher discrimination between the two
focusses, which are corrected by the liquid crystal and
that by the static contact lens (or none at all, if far field
vision is not corrected). This is in addition to fulfilling
other specifications including operation across the optical
wavelength range with optical clarity, and with a maxi-
mum thickness of only 300 μm. Some of the requirements
for the liquid crystal are less stringent than for other
applications. Of course, a standard shipping temperature
range is required, but operating temperatures are
between 35C to 37C. Although the cone of visual atten-
tion is 114, the central visual field is less than 89 and
substantially lower than that required for most liquid
crystal applications. An essential requirement for any
ophthalmic lens, including contact lenses, is to focus the
light independently of polarisation. Not only is this criti-
cal for viewing modern display devices, but any reduction
in the contrast of the focussed to unfocussed light would
not be competitive with existing multi-focus contact
lenses. Some of the previous methods for achieving this
insensitivity are illustrated in Figure 2. The typical
method for this is to use two orthogonally aligned lenses
in series4,10,11 (Figure 2a). However, this adds increased
optical loss, cost, weight, and manufacturing complexity.
Alternatively, electric field effects that are inherently
polarisation-independent may be used, such as those that
occur in cholesteric liquid crystals with helical pitches
that selectively reflect in the near-infrared,12 (Figure 2b)
or the Kerr effect in Blue-Phase liquid crystals.13,14 How-
ever, in addition to being more difficult to align and hav-
ing higher switching fields, these modes have a
fundamentally lower phase modulation, with the maxi-
mum phase retardation being proportional to Δn/2 rather
than Δn as for the nematic type. Because the response
time increases with square of cell gap, this would lead to
almost a 4-fold decrease of speed for the cholesteric and
would prohibit the use of a simple meniscus lens type for
contact lenses. Other polarisation independent modes
FIGURE 3 Operating principal of the proposed lenses.16 A simple 2-level diffractive Fresnel lens is shown on a flat substrate in both
the A, field OFF and B, field ON states. The operating principal for an adaptive contact lens operating in this same fashion is shown for the
field OFF,C, and ON,D, states. RM, reactive mesogen; TCE,
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include diffractive lenses with alternating alignment
directions in the Fresnel zones15 (Figure 2c). However,
the fabrication is rather complex for a contact lens, and
the resulting diffraction-based lens is highly chromatic
and again of low efficiency due to the lower effective
birefringence.
2 | NOVEL DESIGN FOR NEMATIC
POLARISATION INDEPENDENT
LENS
The objective of the present work is to design an
arrangement for a conventional nematic liquid crystal
that could produce polarisation independent operation
for either multi-level diffractive or refractive optical
structures, producing high efficiency lenses operating at
lower voltages. The approach taken was to form optical
structures on the internal sides of the liquid crystal
device from birefringent materials that are index mat-
ched to the contacting liquid crystal and orthogonal to
each other.16 Each refractive or diffractive lens structure
is formed in a parallel-aligned reactive mesogen on to
the internal surfaces of the liquid crystal lens, deposited
directly onto the electrodes. The device is constructed
with two such lenses opposing each other, and the optic
axes of the birefringent material are arranged to be
orthogonal, with both ordinary and extraordinary refrac-
tive indices matched to those of the contacting nematic.
The quiescent state of the liquid crystal can either be a
uniform birefringent waveplate in the half-wave plate
condition or, preferably, a 90 twisted nematic
(TN) arrangement, as shown in Figure 3. The latter
arrangement ensures that the lens operates over a wide
wavelength and angle of incidence range and is less sen-
sitive to fabrication errors.
FIGURE 4 Method of copying the lens onto a backing film and then embossing it onto the indium tin oxide (ITO) coated liquid crystal
lens substrate using embossing. PET, polyethylene terephthalate; PVA, polyvinyl acetate
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Without a field applied, the nematic director remains
aligned parallel to the birefringent optic axes on both
upper and lower lens surfaces, and is therefore index
matched for any polarisation: lensing does not occur
(Figure 3A). However, the polarisation state is rotated
through 90 due to the TN structure. This ensures that
light of a particular polarisation is rotated as it is trans-
mitted though the liquid crystal, so that the index
matching condition is met on the opposite, orthogonal
lens surface. Polarisation conversion stops when the posi-
tive Δε liquid crystal is switched by the applied field; the
index matching condition is then lost for the extraordi-
nary polarisation at the first incident surface, which
exhibits some component of the extraordinary refractive
index. The upper lens then focusses this polarisation,
whist the other polarisation is transmitted through the
liquid crystal without being focussed. When the first
polarisation is incident on the lower lens substrate, its
polarisation plane is parallel to the ordinary index, and
no further optical effect occurs. However, the other
polarisation, unaffected by the first substrate, now experi-
ences the unmatched refractive index condition and
hence undergoes lensing at the second surface. In this
fashion, lensing for orthogonal polarisations occurs sepa-
rately at the two surfaces. For diffractive lenses, compli-
mentary structures can be used opposite each other, as
shown in Figure 3A,B. This ensures that the electric field
is approximately uniform across the device, and both
polarisations are switched to the same extent for a given
applied field. Figure 3C,D shows how the arrangement is
adapted for a meniscus type contact lens. In this example,
the electrodes are better deposited on top of the reactive
mesogen (RM) lens, together with an appropriate align-
ment layer. However, the principles for both diffractive
and refractive lens types remain the same. In this work,
the basic principle is proven using a diffractive lens, not
suited for use in a contact lens. This is followed by con-
sidering how the approach would be applied to an adap-
tive contact lens.
3 | EMBOSSING METHOD OF
REPLICATION IN BIREFRINGENT
STRUCTURES
A simple method for creating birefringent lenses onto the
inner surface of an LCD is to use RMs. The best optical
properties and simplest geometry result if the liquid crys-
tal is in direct contact with the RM so that the liquid crys-
tal aligns with the polymerised director of the RM and no
extra alignment layer is required. This arrangement
requires the device electrodes to be below the passive
birefringent element, in the conventional position for an
LCD. However, any unwanted offset between the elec-
trodes and the optical structure causes severe electrical
losses in the device. More importantly, any small varia-
tions of this offset cause variations in the applied field
and hence uniformity of the lens with applied field. Off-
set can be minimised using the embossing approach used
previously to construct a zenithal bistable LCD17–19
FIGURE 5 Achieving zero-
offset in RMM 1850 grating
using elevated temperature of
the embossing plate. The offsets
shown were determined by
Dektak, and are consistent with
values determined from
birefringence colour and from
cross-sectional scanning electron
microscopy (SEM)
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(as shown in Figure 4G). This encompasses copying a
master structure into a negative on a flexible backing
film, which is then used to emboss the required structure
onto the inside of the liquid crystal.
The master lens is first defined by a conventional
method, such as lithography, lathing or moulding
(Figure 4A). The master is coated with a CYTOP or Tef-
lon layer to assist release from subsequent copies. The
master is copied into a photocurable or thermosetting
resin on a polyethylene terephthalate (PET) backing film
(Figure 4B). The resulting inverse lens structure
(Figure 4C) has a surface alignment direction imposed,
either through rubbing or photoalignment as shown in
Figure 4D. The device substrate also has a thin alignment
layer deposited onto the indium tin oxide (ITO) elec-
trodes (Figure 4E). Uncured RM is placed at one side of
the substrate, and the film is then pressed onto RM and
passed from one side of the device as shown in
Figure 4F. The highest features of the lens structure
touch the alignment layer, with the liquid RM flowing
into the gaps that form the lens. In this fashion, the
unused RM is pushed ahead of the roller, rather than
contributing to offset under the structure.17 After curing,
the RM remains aligned by both the substrate and the
surface of the film to give a uniformly birefringent lens
(Figure 4G).
The target design for the Fresnel lens has a focal
length of 200 mm at 594 nm and an outer diameter of
5 mm. The reactive mesogen used was RMM 1850, which
was found to have ambient temperature refractive indices
of ne = 1.654 and no = 1.510 at 594 nm, measured using a
45 prism. Thus, the height of the SU-8 master features
was designed to be 2.1 μm to obtain the π-phase shift nec-
essary for the diffractive structure. There was little den-
sity change on curing the RM, and so, the amplitude and
refractive indices of the cured polymer were taken to be
unchanged. The viscosity of the RM is higher than that
used for conventional embossing of photopolymers and
required the temperature of the embossing plate to be
elevated to allow suitably low pressures and higher
speeds to be used. Figure 5 shows the calibration of the
embossing temperature made for a sub-micron pitch grat-
ing, indicating that temperatures above 70C were suit-
able for achieving no offset in an aligned RM. It should
be observed that this temperature was below the clearing
point, TNI = 86.5C.
Complementary versions of the zone plates were
made, where all odd zones are formed from RM in one
version and in the even zones for the other. The Fresnel
zone plate masters were manufactured using direct laser
write. SU-8-2025 (38% in Cyclopentanone) was spin
coated onto a silicon wafer at 500 rpm (100 rpm/s) for
10 s and 1000 rpm (300 rpm/s) for 40 s, where the dilu-
tion of the neat SU-8 was used to obtain the desired film
thickness. The sample soft-baked for 30 min at 30C. The
writing process is performed using a Direct Write Laser
system from Durham Magneto Optics (Microwriter ML3
Pro) using a 375-nm laser with a nominal dose of 3000
mJ/cm2. The post exposure bake was done at 50C for
30 min, after which the master was developed by spin-
FIGURE 6 Micrographs of
single substrates: A-D, and the
assembled cell: E, F, unfilled; G,
H, unfilled. White arrows
indicate the polariser and
analyser orientation, Red arrows
the director orientation
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coating SU-8 developer followed by rinsing with isopro-
pyl alcohol (IPA) and hard baking at 180C for 1 h. The
desired feature height of 2.1 μm was verified by measur-
ing the surface profile (Dektak XT). Good release during
the subsequent copying processes was ensured by spin-
coating the master with the low surface energy surfactant
Teflon AF1600 (1.7%) in FC40 (both Sigma Aldrich) at
500 rpm (100 rpm/s) for 10 s and 3000 rpm (300 rpm/s)
for 40s and dried at 180C for 15 min.
The isotropic resin that is used to mould the master
consists of 45% 5,7-Hexamethylene diacrylate (HDDA)
(Sigma Aldrich), 15% Trimethylolpropane triacrylate
(TMPTA) (Sigma Aldrich) and 40% Actilane 420. The
resin was deposited on the master, topped with flexible
125-μm thick PET film (Melinex 506, HIFI films) and
then cured at 10-mW/cm2 UVA for 10 min. After curing,
the film is lifted off, and the cured resin adheres to the
plastic backing. The mould is exposed to UV-ozone for
5 min (T10X10/OES, UVOCS) before spin coating polyvi-
nyl acetate (PVA) solution (1% in H2O) at 500 rpm
(100 rpm/s) for 10 s and 1500 rpm (300 rpm/s) for 30 s.
The PVA layer was dried at 90C for 10 min and at 130C
for 30 min. In a final step, the mould is rubbed using a
rubbing machine equipped with a velvet cloth in the
standard fashion used for LCD production.
For the embossing, a droplet of reactive mesogen mix-
ture RMM1850 (Merck Chemicals Ltd) was deposited
onto the ITO substrate that had been pre-coated with the
rubbed alignment layer SE 3510 (Nissan Chemicals). The
rubbed mould was placed on top with care taken to
ensure parallel alignment directions. The embossing pro-
cess was performed at a base plate temperature 85C,
4.5 bar of roller pressure and substrate speed of
6.5 mm/s, where the steel roller is 10 cm in diameter and
covered with a shore hardness 70 rubber coating.17 After
embossing, the sample was cooled to room temperature
within a period of 5 min. The sample was UV-cured with
a UVA intensity of 10 mW/cm2 (measured with radiome-
ter RM-12, Opsytec Dr Groebel GmbH) for 10 min.
Finally, the film was removed, leaving behind the
reproduced structure. Note, the completed plate has only
a single alignment layer underneath the embossed RM
lens; uniform alignment throughout the RM is achieved
by rubbing the film, which is then subsequently dis-
carded. Uniform alignment of RM structures up to 50 μm
thick have been achieved using this method.
The normal and complementary Fresnel zone plate
substrates are assembled into a 23-μm-spaced cell such
that the directors form a 90 angle. Placement was per-
formed by hand whilst viewing under a stereoscope to
ensure good positioning of the structures. The cell gap
was controlled using Mylar spacers of appropriate thick-
ness. The cell is sealed on three of the four sides to enable
vacuum filling. This method of filling is necessary as cap-
illary filling usually leads to air bubbles being trapped in
the cell. The cell is filled with nematic liquid crystal
MLC-6204-000, which has a high Δε (≈ +30 at 25C) and
refractive indices almost equivalent to those measured
for RMM1850.
4 | RESULTS FOR A
POLARISATION INDEPENDENT
DIFFRACTIVE FRESNEL LENS
An example of two embossed substrates and the subse-
quently assembled cell made from those substrates is
shown in Figure 6. Here, we chose to produce the normal
structure (Figure 6A) and the complementary structure
(Figure 6C). The lenses produced show both good topog-
raphy and coaxial alignment. The latter is apparent from
the uniform retardance colour when viewed at 45 to
crossed polarisers (Figure 6A,C) and the excellent dark
state when parallel to the crossed polarisers (Figure 6B,
D), confirming that the embossing process produces
structures with very small or zero offset. The dark state
in (Figure 6D) reveals a few imperfections that are most
likely caused be the rubbing process for one of the lenses.
FIGURE 7 Transmission of laser beam
(594 nm) through Fresnel zone cell on a
charge-coupled device (CCD) camera at a
distance of 20 cm from the lens: A, OFF-state
and B, ON-state (10 V)
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The empty, assembled cell (Figure 6E), where both sub-
strates are rotated by 90 with respect to each other,
shows a uniform bright state between crossed polarisers
and independent of the orientation to the polarisers. This
indicates that the good alignment of the RM was trans-
ferred to the index-matched liquid crystal in the TN
configuration.
Figure 7 shows a collimated Gaussian 594-nm laser
beam with circular polarisation transmitted through the
Fresnel cell. In the OFF-state, the beam remains largely
collimated but with some distortion due to reverse tilt
and twist alignment errors in the filled lens after repeated
switching (these defects are readily avoided using a long
pitch chiral nematic with a handedness matched to the
FIGURE 8 A, Beam profiles
measured for different input
polarisations (red arrow): vertical,
horizontal, diagonal at different
voltages. B-D, Peak intensity of central
peak for different input and output
polarisations as a function of voltage. E-
G, Voltage-dependent spot diameter
(full width at half maximum, FWHM)
for different input polarisations
(no output polariser)
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pre-tilt on the lens surfaces in the method of Raynes20).
In the ON-state, light is focused in a central spot. Some of
the power is distributed into concentric rings due to the
Fresnel design, but the power focussed into the central
spot was found to be over 33% of the input power at 10 V,
which compares favourably with the 40% predicted theo-
retically. A more detailed investigation of the experimen-
tally determined beam profile is shown in Figure 8A for
different applied voltages. The input polarisation was
controlled and adjusted to be horizontal, vertical, or diag-
onal to the principle optical axis of the lens cell (defined
with respect to the first lens surface). At zero volts, there
is no visible focussing, as explained in connection with
A. A focal spot emerges as the voltages exceed the
Fréedericksz transition and reaches over 33% efficiency
at 10 V. The focussing efficiency measured using an out-
put polariser is summarised in Figure 8B-D, and the eval-
uation of the spot diameter is shown in Figures 8E-G.
The focal spots of the field on state are slightly elongated
along the axis of incident polarisation, which is caused by
small imperfections of the liquid crystal alignment along
the interstices of each Fresnel Zone in the embossed
structure. This misalignment also leads to a loss of effi-
ciency from the maximum possible theoretically from a
2-level diffractive lens (41%). The full-width–half-
maximum of the focussed spot was 44 μm and 46 μm, for
the horizontal and vertical polarisations, respectively,
and this degree of ellipticity is considered small.
Cuts from the z-scans along the transverse (x or
y direction) are given in Figure 9. The theoretical values
FIGURE 9 z-scans along the optical
axis centred around the focal point. A,
Theoretical simulation, B-E, experimental
results for different input polarisations (red
arrow) and cut along different directions
(green)
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were obtained by solving the Sommerfeld diffraction inte-
gral for a perfect 2-level phase plate and show a good
match to those found experimentally. As discussed above,
if the polarisation direction and the cut axis match, the
spot size is slightly larger than for the orthogonal
orientation.
The 2-level lens design is inherently limited to about
41% efficiency. To overcome this, in the first step, we
implemented a 3-level Fresnel lens as shown in
Figure 10. The different birefringence colours in
Figure 10B stem from the different thicknesses of the dif-
ferent Fresnel Zone rings. A device based on these sub-
strates reaches in theory 68%. In the experiments, we
found 55%, which we attribute to nonideal thickness of
the RM and some inaccuracies in alignment between the
substrates and again at the Fresnel zone boundaries. The
errors for both 2-level and 3-level lenses leads to a consis-
tent 20% loss. Hence, we predict that lenses with efficien-
cies in excess of 70% shall be possible using 5-level lenses.
A step further, which is currently under development,
is the use of analogue Fresnel lenses. This gives a poten-
tial efficiency of 100% if shadow effects are ignored.
Refractive Fresnel lenses are expected to change focal
length with varying voltage, which contrasts the
diffractive lenses, for which the efficiency is modulated.
To this end, Figure 10D,E shows a 5-mm-diameter
embossed refractive Fresnel lens between crossed
polarisers, which successfully gave polarisation indepen-
dent switching in both the quiescent and fully switched
states.21
5 | IMPACT FOR USE IN
SWITCHABLE CONTACT LENSES
For the design to be suitable for use in contact lenses, the
lens structure must be of a refractive type, to avoid chro-
maticity. Use of refractive lenses also minimises any
FIGURE 10 A, Micrograph of isotropic master of 3-level diffractive Fresnel lens with 5-mm diameter. B, C, Polarising optical
micrograph of anisotropic embossed copy of the lens between crossed polarisers in, B, 45 and, C, parallel to one of the polarisers. D, E,
Embossed refractive Fresnel lens between crossed polarisers. To aid visibility, the camera exposure time for E) is 10x that of D)
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differences in upper and lower lens efficiencies for off
axis light. For a meniscus contact lens of the design
shown in Figure 1, the birefringent refractive lens will
typically have maximum thicknesses of 25 μm to achieve
the required +2.5D correction.6 Of course, this leads to a
significant voltage drop across the polymer in the centre
of the lens for a positive meniscus lens and at the outer
edge of a negative meniscus lens. In this geometry, it is
also important to set the cell gap high, towards the
Mauguin limit, so that the TN guiding effect is indepen-
dent of the varying gap of the meniscus lens. This means
that any increase in operating voltage can be kept small,
albeit with a slower response. Alternatively, the conduc-
tive layer must be deposited onto the RM layer, in which
case extra alignment layers are also required. This is the
arrangement suggested in Figure 3C,D.
6 | CONCLUSIONS
A simple geometry and fabrication method are proposed
that provide superior operation of polarisation indepen-
dent lenses. This design is applicable to a multitude of
optical structures, from switchable gratings and prisms,
to high efficiency lenses. In addition to its use in contact
lenses, other early adopters or this technology are likely
to be adaptive lenses for digital camera eyepieces and
cell-phones. Of course, for an application such as contact
lenses, there remain a series of technical challenges. Not
least amongst these is the miniaturisation of the
switching electronics to ensure that the lens retains its
cosmetic appeal. Also, the market for hard-contact lenses
made from plastics such as PMMA is diminishing, as
users prefer semi-permeable, soft of hybrid lens materials.
However, progress in transparent and flexible electron-
ics22 is progressing at great speed, driven by the internet-
of-things, smart textiles, and medical technologies.
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